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Yi Wang and David Shortle
Background: Previous NMR studies of the denatured state of staphylococcal
nuclease identified three significantly populated native-like secondary structures:
the second -helix, 2 (residues 98–106), estimated to be present 30% of the
time, and two highly populated -turns, a type I turn (residues 83–86) and a 
type I′ turn (residues 94–97). In the absence of detectable -structure or long-
range interactions in this low-density denatured state, these three secondary
structures appeared to be stabilized exclusively by local interactions. 
Results: To quantitate the intrinsic stability of these secondary structures, three
synthetic peptides corresponding in sequence to these chain segments, plus
2–4 flanking residues, have been analyzed by NMR and CD spectroscopy.
Neither of the turn peptides showed significant evidence of residual structure.
The data for the 2 peptide suggest that this -helix remains approximately 30%
helical when separated from the rest of the protein. However, the type I′ turn and
the Schellman motif, at the amino and carboxyl termini, respectively, observed in
both the native and the denatured state, do not form in this peptide. Instead, the
helix appears to propagate to the ends of the peptide, overriding both of these
helix-stop signals.
Conclusions: The presence of a native-like secondary structure in a denatured
protein does not necessarily imply that it has a high intrinsic stability. -turns in
particular can be stabilized by long-range interactions in the absence of stable 
-strands. In addition, so-called helix-stop signals, such as the Schellman motif,
may not contribute actively to helix stability. As for turns, these local interactions
at the ends of helices may be passive structures that form in response to longer-
range interactions.
Introduction
It has become clear in recent years that the conformations
of denatured proteins cannot be considered as random
coils. Residual structures have been identified in a variety
of proteins denatured by high temperature, low pH, high
concentrations of urea or guanidine, and by mutations
[1–8]. Structural elements that persist in denatured pro-
teins are often found to be regular secondary structures,
most commonly -helices and turns. Such secondary
structures may be native-like or may have some degree of
nonnative character. As has been demonstrated in a
number of recent papers, NMR spectroscopy provides
powerful methods for characterizing residual structure in
the denatured state, along with its dynamic behavior [9].
One of the most extensively analyzed denatured states is
that of staphylococcal nuclease, a small, modestly stable
protein that retains a high solubility upon denaturation
[10]. To characterize its denatured state in the absence of
denaturants, the native state of nuclease has been destabi-
lized by removing a small number of residues from both
the N and C termini to give the large internal fragment
131 [2]. This model system, which can be labeled in
Escherichia coli with 15N and 13C and readily purified free of
proteases, is monomeric in solution and remains soluble to
a concentration of at least 4 mM [11]. In addition, 131
will refold in the presence of the tight binding inhibitors
Ca2+ and pdTp to give a wild-type-like native state.
On the basis of medium-range NOEs and deviations of
backbone chemical shifts from random coil values, three
secondary structures appear to be significantly stable in
the denatured state of nuclease [2]. The second -helix
(residues 98–106) is in a helical conformation approxi-
mately 30% of the time as indicated by the 13C, 13C=O
and H secondary shifts, plus four weak HH(i,i+3)
NOEs and a number of medium-range HNHN NOEs. A
type I reverse turn centered on residues 83–86 and a type
I′ turn involving residues 94–97 were detected on the basis
of numerous NOEs; both turns exhibited strong dNN(3,4),
weak dNN(2,4) and weak dN(2,4) NOEs [2]. Using new
13C–15N-based and 15N–15N-based NOESY experiments
(O Zhang, D Shortle, L Kay, J Forman-Kay, unpublished
data), the following additional NOEs have been identified:
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for 83–86, dNN(1,4), dNN(2,5), and an NOE from H and
H of Thr82 to H of Gly88; for 94–97, dNN(1,4), and an
NOE from HN of Tyr93 to HN of Lys97.
-Helices are known to form in short peptide fragments of
larger proteins, so the finding of a partially populated helix
in a denatured protein is not surprising. The compact
denatured states known as ‘molten globules’ frequently
display a relatively high helical content by CD [12]. Stable
tight turns, on the other hand, are not common in short
peptides [13,14] and are usually considered to be passive
structures that form in response to longer-range interac-
tions involving flanking sequences. Nevertheless, several
examples of significantly populated turns forming in a
peptide at a position corresponding to the native state turn
have been reported [15].
What makes the two turns in 131 unusual is the failure
to detect evidence of stable -structure in the segments
flanking them [2,11]. For 83–86, which separates the
fourth (residues 71–77) and fifth (residues 90–94) -
strands, no medium-range NOEs or secondary chemical
shifts of 1H, 13C or 13C=O suggestive of -structure are
detected by NMR. Similarly, in the case of 94–97, the
chain segment preceding the turn in the fifth -strand
(residues 90–94) appears unstructured, whereas the -
helix 2 following the turn (residues 98–106) is, as men-
tioned above, estimated to be helical approximately 30%
of the time. To assess the dependence of the stability of
2 and these two tight turns on interactions involving
flanking sequences, we report the characterization of three
synthetic peptides that effectively excise these three
structures, plus two or more flanking residues, from the
polypeptide chain.
Results
Figure 1 shows the amino acid sequences of the three
peptides and their relative locations in the 3D structure
of native staphylococcal nuclease. The sequence of the
2 peptide was designed to include the type I′ turn
(94–97), all of the second -helix, plus the C-terminal
Schellman capping motif involving residues 103–108
[16]. The sequence of the 1 peptide was chosen to
include the type I′ (94–97) turn plus two flanking
residues at each end. The first residue in the 2 and 1
peptides, which is an isoleucine in the wild-type
sequence, was changed to glycine to avoid potential
problems with solubility. For similar reasons, the last
residue in the 1 peptide was changed from the wild-
type valine to a glycine.
The sequence of the 2 peptide includes the type I turn
(83–86) plus three flanking residues at the N terminus
and four at the C terminus, all of which are wild-type in
sequence. Fortuitously, each peptide has one tyrosine
residue, which allowed the peptide concentration to be
determined spectrophotometrically. After chemical syn-
thesis and reverse phase HPLC purification, the
sequences were confirmed by mass spectrometry. Sequen-
tial assignment by NMR spectroscopy provided additional
confirmation of the amino acid sequence.
Figure 2a shows the far-UV CD spectrum of the 2
peptide. The minima at 222 nm and at 200 nm indicate
that the conformation of the peptide is a mixture of
random-coil and -helix components. The fraction of
helix can be calculated based on mean-residue ellipticity
of the peptide at 222 nm according to equation 1:
helix% = –222nm ∗ n/40000 ∗ (n – 4) (1)
where n is the number of peptide bonds [17]. From this
equation, a helical content of 20% was estimated.
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Figure 1
(a) MolScript ribbon diagram of the native state of staphylococcal
nuclease. (b) Amino acid sequences of the three peptides analyzed
and the corresponding secondary structures formed in the native state.
Their locations in folded staphylococcal nuclease are marked with
arrows in (a).
(a)
(b)
Turn 83–86
Helix 2
Turn 94–97
Two lines of evidence suggest that the 2 peptide does
not undergo appreciable aggregation or oligomerization
under the conditions employed. In the very low concen-
tration range from 10 g ml–1 to 1 mg ml–1, CD spec-
troscopy demonstrated that 222nm varied by less than
10%. At higher concentrations from 0.2 mM (0.4 mg ml–1)
to 10 mM (20 mg ml–1), there were no detectable changes
in chemical shifts or linewidths for any of the 10 very well
resolved protons in the 1D NMR spectrum in D2O.
Figure 2b,c presents the CD spectra of the 1 and 2 pep-
tides. Interpretation of these spectra is complicated by
uncertainty in the reference spectrum of type I and I′ -
turns and of the random coil component, either in folded
proteins or in short peptides. Both peptides show a weak
positive maximum at 215 nm and a strong minimum
below 195 nm, which is similar but not identical to the
maximum at 218 nm and minimum at 195 nm reported for
a random coil by Johnson [18]. On the other hand, the CD
spectrum of -turns proposed by Johnson [18] has a very
strong positive band at 207 nm. Given the intensity of the
positive bands displayed by both peptides at 215 nm and
the overall appearance of the spectra, the CD spectra are
consistent with less than 10% population of a tight -turn.
2D proton NMR experiments were performed on the
three peptides to further characterize their conformation.
For the 19 amino acid 2 peptide, sequential assignments
were readily obtained from the TOCSY and NOESY
spectra [19]. Because of their short rotational correlation
times, peptides 1 and 2 gave extremely weak cross
peaks in a NOESY spectrum. To establish sequential con-
nectivities between H and HN(i,i+1) for these two pep-
tides, ROESY spectra were collected.
Residues involved in an -helix typically show a series of
short-range and medium-range interresidue NOE cross
peaks in the 2D NOESY spectrum. These characteristic
NOE cross peaks include HNHN(i,i+1), HNHN(i,i+2),
HHN(i,i+3), HHN(i,i+4), and HH(i,i+3) [19,20]. For a
19 amino acid peptide, a 200 ms NOESY mixing time is
considered to be sufficiently short to avoid spurious NOEs
from spin diffusion [1]. As can be seen in the HHN and
HNHN region of the NOESY spectrum in Figure 3, a
stretch of sequential HNHN(i,i+1) NOE connections can
be unambiguously established from Ala94 to Lys110. Sim-
ilarly, except for spectral overlap which obscures four pos-
sible peaks, a continuous network of HNHN(i,i+2) NOE
correlations can be traced from Ala94 to Lys110. In addi-
tion, HHN(i,i+3), HHN(i,i+4), and HH(i,i+3) NOE
cross peaks are spread over the entire length of the
peptide, although several connections cannot be estab-
lished due to overlap in the NOESY spectrum. These
results suggest that the entire 2 peptide adopts a helix-
like conformation a significant fraction of the time, begin-
ning at Ala94 (the HN of Gly92 is not detected and that of
Tyr93 is not consistently seen) and ending at Lys110, the
last residue of the peptide. 
Figure 4 summarizes all interresidue NOEs observed in
the NOESY spectrum of 2. It is noted that all
HHN(i,i+4) NOEs are located at the center of the
peptide, corresponding to helix 2 in the native state of
nuclease. This observation may indicate that the -helical
conformation is more stable in this central region of the
peptide than at each end; alternatively, the effective rota-
tional correlation time may be longer in this region. Mean-
while, a stretch of five HHN(i,i+2) NOEs are also present
in this region, which may indicate intermittent formation
of a 310-helix or a nascent helix [19,15]. The highly
dynamic character of the helical conformation formed by
2 is also reflected in the values of 3JN and the H and C
chemical shifts. All but two 3JN coupling constants are
within the 6.5–8.5 Hz range, an indication of extensive
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Figure 2
CD spectra of (a) the 2 peptide, (b) the 1
peptide and (c) the 2 peptide. The unit of 
is mean residue ellipticity in deg cm2 dmol–1.
These spectra suggest that the 2 peptide
exhibits approximately 20% -helical
structure, whereas the turn peptides, 1 and
2, show features consistent with short
structureless peptides. These conclusions are
supported by the NMR data.
motional averaging of the backbone angle  (Fig. 4). The
two exceptions are Glu101 and Ala102, with values of
6.1 Hz and 6.0 Hz, respectively.
The deviation of the C chemical shift from the random-
coil value for an amino acid type is a very sensitive indica-
tor of secondary structure, with the -helix conformation
resulting in downfield shift on average of 2.6 ppm [21,22].
Figure 5 shows the C chemical shifts for each peptide
measured by natural abundance 1H–13C HSQC experi-
ments. Residues 99–105 gave the largest downfield shifts,
suggesting that the helical conformation is more stable in
this internal segment than at the ends. To compare its sta-
bility in the peptide and in 131, the fractional popula-
tion of helix 2 in the peptide is estimated based on its C
chemical shift values according to equation 2:
	 = (	peptide – 	random)/(	native – 	random) (2)
where 	peptide, 	random, and 	native are the C chemical shift
values of helix 2 residues in the peptide, random coil con-
formation, and native state, respectively. Since C chemi-
cal shifts of the peptide and 131 [2] were obtained on
different spectrometers, there is 0.3 ppm offset between
the two data sets which is corrected in this calculation.
	random comes from Wishart et al. [23] and 	native comes
from Wang et al. [24]. The calculation gives a value of
28%, in surprisingly close agreement with the value of
34% obtained by Alexandrescu et al. [2] for the intact
denatured state, 131. If the fractional helical content is
estimated using the averaged value of 2.6 ppm for 	native –
	random [22] for all residues, then the average helical
content becomes 24%.
In the 2 peptide, residues 94–97 give strong HNHN(i,i+1)
and weak HNHN(i,i+2) NOEs, consistent with either an -
helix, a 310-helix, or a turn. In general, it is difficult to dis-
tinguish these three secondary structural types solely on
the basis of NOE patterns [19,20]. It is possible that this
segment of the peptide is rapidly interconverting among
these different types of backbone structures. However,
unlike both the 131 model denatured state and the
folded native state of nuclease, residues 94–97 in 2
peptide populate an -helical structure a significant frac-
tion of the time. The principal NOE evidence for this
includes a HNHN(i,i+2) NOE cross peak from Ala94 to
Gly96, an HH(i,i+3) NOE and a HHN(i,i+3) NOE
between Asp95 and Met98. In the type I′ turn formed in
the native state, these latter two interproton distances are
11.2 and 8.5 Å, respectively.
At the other end of -helix 2 in native nuclease, a Schell-
man motif [25] serves as a helix-stop signal at the C termi-
nus, with Gly107 forming the diagnostic C′ to C2 hydrogen
bond and Leu108 (C′′) forming a hydrophobic interaction
with the residue at C3 Leu103. [16]. A weak
sidechain–sidechain NOE between Leu108 and Leu103
has been identified in 131, suggesting that this motif
may be significantly populated (O Zhang, D Shortle, L Kay,
J Forman-Kay, unpublished data). Because of the degener-
acy of the sidechain protons of these two leucines in the 2
peptide, this NOE cross peak cannot be identified.
However, a symmetrical pair of very weak NOE peaks
between the amide protons of Leu103 and Leu108 is not
consistent with the Schellman motif present in native
nuclease, since the distance separating these two protons
is 6.2 Å. More likely is a local conformation in which the
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Figure 3
(a) The HHN region of the NOESY spectrum (200 ms mixing time) of
the 2 peptide. (b) The HNHN region of the same NOESY spectrum.
last turn of 2 is transiently expanded by two residues,
allowing Leu103 and Leu108 to assume an i,i+3 spatial
relationship with improved contact between their two
hydrophobic sidechains. An NOE peak between amide
protons of Val104 and Leu108 in the NOESY spectrum of
2 is consistent with this interpretation. In the proposed
expanded turn, these amide protons would be positioned
at 4.0–4.2 Å, instead of the 4.9 Å or the 6 Å consistent with
a Schellman motif or a uniform -helix.
Two additional NOEs that argue against a stable Schell-
man motif are the HHN(i,i+3) and HNHN(i,i+3) NOEs
between Arg105 and Leu108. Whereas these interproton
distances in the native state of nuclease are 6.3 Å and
5.3 Å, in an -helix they are less than 4.4 Å and between
4.8 to 5.2 Å, respectively. While a modest population of
the Schellman motif for residues at the end of 2 cannot
be ruled out because of the similarity of this structure to
an -helix, the observed NOEs suggest that -helix and
perhaps an expanded loop are the most abundant sec-
ondary structures for the residues that normally cap the C
terminus of the 2 peptide.
Further analysis on the NOESY spectrum reveals a few
atypical short-range and medium-range interresidue NOE
peaks that cannot be attributed to any conventional 
conformation. For example, at least five distinct
HNH(i,i+1) NOE cross peaks, all in the central region of
2, can be assigned. It has been speculated that such
NOEs, and perhaps HH(i,i+1) NOEs, may arise from
nonprolyl cis peptide bonds that form transiently [26,27].
Figure 6 shows the HHN region of the ROESY spectra of
peptides 1 and 2. In both spectra, only sequential
HHN(i,i+1) ROEs are observed. None of the ROEs that
would define a reverse turn, such as HNHN(i,i+1),
HHN(i,i+2), and HNHN(i,i+2), can be found for either
peptide. In addition, none of the ROEs characteristic of -
helices detected for residues 92–99 in peptide 2 is
present in peptide 1. The  protons of residues 94–97 are
0.01–0.05 ppm downfield shifted compared with the same
residues in peptide 2, indicating that these residues are
less -helical in the shorter peptide. The 3JN coupling
constants measured both by 1D spectra and with a DQF-
COSY vary between 6.5 and 8.5 for all residues in both
peptides [20], further indicating that neither of these pep-
tides significantly populate a turn or regular secondary
structure.
The secondary shifts of the C resonances show modest
deviations from the expected random-coil value, devia-
tions which may be consistent with partial turn formation.
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Figure 4
A summary of interresidue NOEs and 3JN
coupling constants for the 2 peptide. ‘x’
indicates that NOE connectivity could not be
established because of spectral overlap. The
intensity of NOEs is indicated by line
thickness. HHN(i,i+1) NOEs are not shown.
Open circles indicate a coupling constant
between 6.5 and 8.5 Hz. Filled circles indicate
a coupling constant below 6.5 Hz. 
Given the canonical values of  and 
 for positions i+1
and i+2 in type I and I′ turns [28], secondary shifts for
Asp95 and Gly96 can be calculated from the data of Spera
and Bax [29] to be +2.0 and 0.0 ppm, whereas Lys84 and
Tyr85 should be +1.3 ppm and 0.5 ppm. As seen in
Figure 5, the observed values for these four residues are
roughly one-quarter to one-half of these predicted values.
Since only two residues are central to defining a turn, the
significance of these secondary shifts is uncertain. Recent
studies have demonstrated that the type of residue pre-
ceding an HN can alter its random-coil shift by a few
tenths of a ppm [30].
Discussion
Three synthetic peptides have been analyzed to deter-
mine the intrinsic stability of several secondary structural
elements that can easily be identified in the denatured
state of staphylococcal nuclease. By isolating chain seg-
ments away from other parts of the protein, the contribu-
tion of long-range interactions to the stability of these
structures can be eliminated. Analyses have been carried
out on the three peptides under the same solution condi-
tions applied to the denatured state, allowing quantitative
comparisons to be made.
The second -helix appears to be stable in isolation, with
approximately the same fractional population in a short
peptide as in the model denatured state. However, the
normal helix-stop signals at the N terminus (the type I′
turn 94–97) and the C terminus (a Schellman capping
motif) appear to be ineffective in stopping propagation of
the helix to the ends of the 2 peptide. Although two
NOEs were observed that could potentially be ascribed to
residues 104 and 108 in the Schellman motif, their very
weak intensity suggests that this motif, if present, is infre-
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Figure 5
The secondary shifts of 13C resonances for the three peptides. A
positive value corresponds to a downfield change in chemical shift.
Figure 6
HHN region of ROESY spectra (150 ms mixing time) of (a) 1 peptide
and (b) 2 peptide. All cross peaks are opposite in sign to the diagonal
peaks.
quently populated. Thus, these two capping interactions
are not responsible for the high intrinsic stability of this
short helix. Instead, the unusual stability can be
accounted for by the large amount of nonpolar surface area
buried in sidechain–sidechain i,i+3 and i,i+4 interactions
[31]. Calculations by Moult and Unger [32] showed that
50.3 A2 of nonpolar surface area are removed from solvent
when residues 98–109 make the transition from a random-
coil conformation to the native helix.
Attempts by other investigators to detect the Schellman
capping motif in synthetic peptides in aqueous solution
have also met with limited success. A NMR study by
Viguera and Serrano [33] of a peptide designed de novo to
form a Schellman motif found no signature NOEs unless
30% trifluoroethanol was added to stabilize the helix.
Analysis of a similar capping motif designed at the end of
an -helical peptide by Gong et al. [34] revealed no direct
NMR evidence for formation of a capping interaction at
the C terminus. However, a molecular dynamics simula-
tion in vacuo which included NOE-based restraints plus
standard electrostatic and van der Waals’ potentials sug-
gested that a closely related C cap, the Gly L motif [16],
may be partially populated.
Residues 94–97, which form a type I′ turn in both the
native and denatured states, adopt other conformations in
the two short peptides studied here. While they appear to
transiently form part of an extended -helix in the 2
peptide, they do not form obvious structure in the shorter
1 peptide, as probed by ROEs and coupling constants.
Similarly, except for the weak and ambiguous C sec-
ondary shifts, residues 83–86 exhibit no unequivocal type
I turn interactions in the 2 peptide. Nevertheless, in the
denatured state of 131, several medium-range and
long-range NOEs can be resolved involving the backbone
and sidechain protons of residues in the segment between
positions 82 and 88. In fact, this type I turn is the best
defined secondary structure within 131 (O Zhang,
D Shortle, L Kay, J Forman-Kay, unpublished data).
Unlike -helix 2, the high stability of these two turns in
the denatured state must result from longer-range interac-
tions involving flanking chain segments. Previous NMR
analyses of several different denatured states ([11];
Y Wang, D Shortle, unpublished data) have not uncovered
any evidence for a significant population of -strands 4
and 5. Since 83–86 separates these two strands and
94–97 separates 5 from 2, it would appear that the 5
segment and perhaps the 4 segment form specific inter-
actions with other chain segments that contribute to the
stability of these two turns, even though these two seg-
ments do not display the standard extended conformation
characteristic of -strands. Thus, the finding of a popu-
lated tight turn in a denatured protein does not necessarily
reflect an inherently stable local structure [35]; instead, it
can be an indirect indicator of longer-range interactions
involving nearby chain segments.
Materials and methods
The three peptides 2 (residues 92–110: GYADGK-
MVNEALVRQGLAK), 1 (residues 92–99: GYADGKMG), and 2
(residues 80–90: QRTDKYGRGLA) were synthesized and purified by
The Johns Hopkins University School of Medicine Peptide Synthesis
Facility. The purity of each peptide was assessed by mass spectra and
amino acid sequencing. Concentrations of peptides were determined
by UV absorption at 293 nm in 0.1 N NaOH, with the molar extinction
coefficient assumed to correspond to that of free tyrosine, 2390.
CD spectra were obtained on an AVIV DS60 spectrometer at 32°C,
using a 0.1 mm path length quartz cuvette. Peptide sample concentra-
tions were 1 mg ml–1 in 20 mM sodium acetate buffer, pH 5.3. Four
spectra collected on scanning from 260 to 190 nm in 1 nm steps were
averaged and smoothed with a polynomial fitting routine and then sub-
tracted from the equivalent spectrum obtained on buffer without
peptide.
All NMR spectra were collected on a Varian UnityPLUS 600 MHz
spectrometer at 32°C, pH 5.3. Peptide concentrations varied from 9.5
to 12 mM. A 1H–1H TOCSY with 60 ms mixing time was collected for
each peptide. For the 2 peptide, a 1H–1H NOESY with a 200 ms
mixing time was collected, whereas a 1H–1H ROESY spectrum with a
150 ms mixing time was obtained for both 1 and 2. For all 2D
spectra, the spectral width was 5500 Hz in both dimensions, with
1024 complex points in t2 and 312–512 complex points in t1. A DQF-
COSY was collected for each peptide and used to measure the 3JN
coupling constants by the method of Kim and Prestegard [36]. A
1H–13C-HSQC at natural 13C abundance was obtained for each
peptide, with the 13C carrier frequency set at 43 ppm (calibrated
against the TSP methyl group = –0.12 ppm), and the spectral width at
5000 Hz. 180 complex data points were collected, with 32 scans for
each t1 increment. For all experiments, the carrier frequency was set on
the water resonance (4.71 ppm) and water suppression was achieved
by presaturation. Spectra were processed using the software package
FELIX 1.1. Before Fourier transformation, a sine bell function shifted
30–60 was applied to t2, a 60–90 degree shifted sine bell was applied
to t1, and the data size of both dimensions was doubled by zero filling.
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